BRITISH

BPS/ PHARMACOLOGICAL
SOCIETY

British Journal of Pharmacology (2010), 160, 1754-1764
© 2010 The Authors
Journal compilation © 2010 The British Pharmacological Society Al rights reserved  0007-1188/10

www.brjpharmacol.org

BRITISH JOURNAL
OF PHARMACOLOGY

B]

RESEARCH PAPER
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Background and purpose: Toll-like receptor 4 (TLR4) expressed on spinal microglia and astrocytes has been suggested to play
an important role in the regulation of pain signalling. The purpose of the present work was to examine the links between TLR4,
glial activation and spinal release of prostaglandin E, (PGE,) and tumour necrosis factor (TNF), and the role these factors play
in TLR4-induced tactile allodynia.

Experimental approach: Toll-like receptor 4 was activated by intrathecal (i.t.) injection of lipopolysaccharide (LPS) and
KDO,-Lipid A (KDO:,) to rats. Tactile allodynia was assessed using von Frey filaments and cerebrospinal fluid collected through
spinal dialysis and lumbar puncture. PGE, and TNF levels were measured by mass spectometry and ELISA. Minocycline and
pentoxifylline (glia inhibitors), etanercept (TNF-blocker) and ketorolac (COX-inhibitor) were given i.t. prior to injection of the
TLR4-agonists, in order to determine if these agents alter TLR4-mediated nociception and the spinal release of PGE, and TNF.
Key results: Spinal administration of LPS and KDO, produced a dose-dependent tactile allodynia, which was attenuated by
pentoxifylline, minocycline and etanercept but not ketorolac. Both TLR4 agonists induced the spinal release of PGE, and TNF.
Intrathecal pentoxifylline blunted PGE; and TNF release, while i.t. minocycline only prevented the spinal release of TNF. The
release of PGE, induced by LPS and KDO, was attenuated by i.t. administration of ketorolac.

Conclusions and implications: Activation of TLR4 induces tactile allodynia, which is probably mediated by TNF released by
activated spinal glia.
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Introduction

Classically, astrocytes and microglia have been viewed as
serving mostly supportive and nutritive roles for neurones.
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Although widely accepted, other concepts have challenged
this perspective, pointing to the fact that glia can respond to
changes in their local microenvironment and influence neu-
ronal excitability (Galambos, 1961). There is an interest in the
role played by these non-neuronal cells in pain processing, in
particular in persistent pain states which occur following
peripheral tissue and nerve injury. Studies demonstrating that
spinal glia are activated in response to peripheral stimuli and
that behaviourally defined hypersensitivity is attenuated
when glial activity is blocked using glia inhibitors support this
notion (for review see Milligan and Watkins, 2009).

There is an ongoing effort to elucidate the mechanisms
through which glia are activated in response to tissue and
nerve injury. Chemokines (e.g. fractalkine, CCL2), cytokines
(e.g. IL-6, IL-18) and ATP acting on their respective receptors
expressed on glia have been suggested to play important roles.



More recently, the Toll-like family of receptors (TLRs) has also
been implicated in this process. TLRs are noted for recogniz-
ing chemical structures like cell membrane products, DNA
and mRNA expressed by various classes of microbes. In addi-
tion to bacterial and viral antigens, several endogenous
ligands such as heat shock proteins (Gay and Gangloff, 2007;
Miyake, 2007) and saturated fatty acids (Lee et al., 2001) have
also been proposed to activate TLRs. Most TLR-initiated sig-
nalling leads to nuclear translocation of NF-xB and produc-
tion of a number of pro-inflammatory factors, such as
prostaglandins, cytokines and chemokines (Muller-Ladner
et al., 2002; Takeda and Akira, 2004). Nine TLRs have been
identified in humans. In the central nervous system, TLRs1-9
are expressed on microglia and TLRs 1, 3, 4, 5 and 9 have been
found on astrocytes (Jack et al., 2005; Miyake, 2007).

Toll-like receptor 4 is activated by lipopolysaccharide (LPS)
from Gram-negative bacteria (Miyake, 2004; Raetz etal.,
2006). Intrathecal (i.t.) injection of LPS induces nociception
(pain), which is perceived as tactile allodynia (non-painful
stimulus perceived as painful) (Meller et al., 1994; Reeve et al.,
2000; Kehl et al., 2004). Further, allodynia observed following
nerve and tissue injury is attenuated in mice lacking func-
tional TLR4 (Tanga et al., 20035), in rats following TLR4 knock-
down by intrathecally delivered TLR4 antisense (Tanga et al.,
2005) and in rats receiving TLR4 antagonists (Bettoni et al.,
2008; Hutchinson etal., 2009a). Importantly, preventing
TLR4-mediated signalling suppresses spinal microglial activa-
tion and decreases nerve injury-induced spinal release of pro-
inflammatory cytokines (Tanga et al., 2005). Hence, TLR4 on
spinal glia appear to be activated by endogenous ligands and
to play an important role in spinal nociceptive processing.

Lipopolysaccharide is commonly used in experimental
studies of TLR4 functions. However, the micro-heterogeneity
of wild-type Gram-negative bacteria LPS often constitutes a
problem and requires careful batch comparison and determi-
nation of equipotent doses. This variability is thought to
depend on differences in the length and composition of the
terminal glycan chains of different LPS species (Raetz et al.,
2006). Hence, in order to establish a TLR4-induced model of
hypersensitivity avoiding these problems, we assessed the
allodynic effect of KDO,-Lipid A (KDO,), a chemically defined
LPS molecule (Raetz et al., 2006). This substance is purified
from Escherichia coli and consists of lipid A anchor and a
3-deoxy-D-manno-octulosonic acid disaccharide, and is fully
active as an endotoxin and is highly selective for TLR4. Addi-
tional aims of this study were to examine if TLR4 activation
induces spinal release of prostaglandin E, (PGE,) and tumour
necrosis factor (TNF) and to investigate the role of spinal glia
in the release of these mediators as well as TLR-4-mediated
allodynia. Our studies showed that i.t. injection of KDO,
induced allodynia comparable to that observed after i.t. injec-
tion of LPS. In addition, our findings suggest that TLR4-
associated tactile allodynia is mediated by TNF, but not PGE,
release, and that activation of both microglia and astrocytes
play a role in TLR4-induced nociception.

Methods

All experiments were carried out according to protocols
approved by the Institutional Animal Care Committee of the
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University of California, San Diego. Nomenclature conforms
to BJP’s Guide to Receptors and Channels (Alexander et al.,
2008).

Animals and surgery

Male Holzman Sprague-Dawley rats (300-400 g) were housed
individually in micro isolator filter cages and maintained on a
12 h light/dark cycle with free access to food and water. To
permit bolus i.t. drug delivery, chronic lumbar i.t. injection
catheters (single lumen PE-5, 8.5 cm in length, Spectranetics,
Colorado Springs, CO, USA) were implanted through a cister-
nal exposure under isoflurane anaesthesia (2-4%) and exter-
nalized as described elsewhere (Yaksh and Rudy, 1976). To
permit dialysis of the lumbar i.t. space, rats were prepared
with chronic triple lumen loop dialysis catheters advanced
8.5 cm through a cisternal incision to the lumbar enlarge-
ment under isoflurane anaesthesia and externalized (Marsala
etal.,, 1995; Koetzner et al., 2004). The i.t. portion of the
dialysis probe consists of a tubular 3 cm cellulose dialysis fibre
(Filtral AN69HF, Cobe Laboratories) bent double and con-
nected at its ends to 7 cm of two lumen of the triple lumen
catheter, and the third lumen permits the delivery of i.t. drug
without interrupting dialysis. Rats were monitored daily and
removed from the study if any neurological dysfunction was
noted, if there was greater than 10% weight loss over S days or
if the catheter was occluded. Fewer than 5% of the animals
prepared were so excluded. Studies involving rats with
chronic dialysis catheters or single lumen injection catheter
were undertaken 4-5 days after surgery.

Drug administration

The following drugs were delivered i.t. in 10 pL saline fol-
lowed by 10 uL saline flush. LPS [1-30 pg, LPS E. coli O111:B4,
Calbiochem, USA, Cat# 437627 (Lot # B67875, was used for
studies presented in this manuscript)], KDO, (0.1-10 ug,
Advanti Polar Lipids Inc. Alabaster, AL, USA), pentoxifylline
(60-120 pg, Sigma), minocycline (10-120 pg, Sigma), etaner-
cept (Enbrel, 30-100 pg, Amgen, Thousand Oaks, CA, USA)
and ketorolac (50 pg, Allergan, Irvine, CA, USA). In addition,
ibuprofen (30 mg-kg™', Sigma) was delivered intraperitoneal
(i.p.) in saline.

Behavioural analysis

For assessment of tactile allodynia, rats were placed in indi-
vidual Plexiglas compartments with wire mesh bottoms. Fol-
lowing a 30-min acclimatization period, mechanical
allodynia was assessed using von Frey filaments and the
Dixon up-down method as described by Chaplan et al. (1994).
Briefly, calibrated filaments (Stoelting, Wood Dale, IL, USA)
with buckling forces between 0.41 and 15.2 g were applied
perpendicularly to the mid-paw plantar surface until the fila-
ment was slightly bent and held there for 4-6 s. Stimuli were
separated by several seconds or until the animal was calm
with both hind paws placed on the grid. A positive response
was noted if the paw was sharply withdrawn. Testing always
began with the 2.0 g filament and tests were performed on
animals prior to and 15, 30, 60, 90 and 120 min after injec-
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tion of LPS/KDO,. The 50% probability withdrawal threshold
was determined and plotted versus time; the data were also
expressed as the area under the curve (AUC) of allodynic
index for the time period 0-120 min. This resulting value has
the units percentage change x time. The formula for calculat-
ing the percentage change is 100 x (baseline tactile threshold
— post-drug tactile threshold)/baseline tactile threshold,
where tactile threshold is expressed in g. Increasing values
indicates increasing tactile allodynia.

Dialysis

A syringe pump (Harvard, Natick, MA, USA) was connected
and dialysis tubing was perfused with artificial cerebrospinal
fluid (ACSF) at a rate of 10 uL-min~'. The ACSF contained
(mM) 151.1 Na*, 2.6 K%, 0.9 Mg*, 1.3 Ca*, 122.7 CI;, 21.0
HCO3; and 2.5 HPO,, and it was bubbled with 95% O,/5% CO,
before each experiment to adjust the final pH to 7.2. The
efflux (30 min per fraction) was collected in an automatic
fraction collector (Eicom, Kyoto, Japan) at 4°C. Two baseline
samples were collected after the initial 30 min washout, and
additional five fractions were collected after i.t. injection of
LPS (1 pg in 10 pL saline followed by 10 pL of saline to flush
injection line). Minocycline, pentoxifylline, ibuprofen were
injected i.t. or i.p. 15 min prior to LPS. The concentration of
PGE; in spinal dialysate was measured by ELISA using a com-
mercially available kit (Assay Designs 90001, Assay Designs,
Ann Arbor, MI, USA). The antibody is selective for PGE, with
less than 2.0% cross-reactivity to PGFy,, PGF,,, 6-ketoPGF,,
PGA, or PGB,, but cross-reacts with PGE; and PGE;

Lumbar CSF collection

Cerebrospinal fluid collection micropipettes (0.8-1.1 X
100 mm, KIMAX-51, Kimble Products) were prepared in
advance using a micropipette puller (Industrial Science Asso-
ciates, Ridgewood, NY, USA) to obtain a fine injection tip on
one end of the micropipette. Isoflurane-anaesthetized rats
were placed in sternal recumbancy and the tips of the wings
of the ilium were identified as a tactile landmark. A midline
skin incision was started 1 cm caudal from the landmark and
made posterior to a length of 3 cm. The muscles were bluntly
dissected and retracted laterally to expose the interspinous
space at L4/L5. The L4/LS interspinous ligament and LS
spinous process were carefully removed. The L4 spinous
process was elevated using forceps to widen the interspinous
space for access to the dura. Careful attention was paid to
remove tissue from the dura and eliminate any pooling of
blood at the site of collection. The tip of the pulled micro-
capillary tube was obliquely introduced into the i.t. space.
The jugular veins were compressed to increase the i.t. pressure
and 40-50 uL of clear CSF was collected by capillary action.
The CSF was transferred to Eppendorf tubes and either imme-
diately frozen on dry ice and stored at —70°C until assayed for
TNF by ELISA according to the manufacturer’s instructions (R
& D Systems, Minneapolis, MN, USA) or extracted for
LC-MS/MS analysis. Inhibitors were injected i.t. or i.p. 15 min
prior to LPS or KDO2 and CSF collected 2 h post TLR4-agonist
injection. Animals were killed following CSF collection.
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Eicosanoid analysis by LC-MS/MS

The analysis of eicosanoids from CSF was performed by
LC-MS/MS using a tandem quadrupole mass spectrometer
(ABI 4000 Q Trap®, Applied Biosystems). LC-grade solvents
were purchased from EMD Biosciences. Strata-X solid phase
extraction columns were purchased from Phenomenex (Tor-
rance, CA, USA). All eicosanoids were purchased from
Cayman Chemicals (Ann Arbor, MI, USA). Briefly, 25 uL of
CSF was supplemented with 100 pL of internal standards
(100 pg-uL™, EtOH) and diluted to 10% EtOH (by volume).
Eicosanoids were then purified by solid phase extraction and
prepared for analysis by LC-MS/MS as previously described
(Buczynski et al., 2007; Deems etal., 2007). Samples were
reconstituted in 50 uL. of LC buffer and 80% (40 uL) was
injected on column. Quantitative PGE, determination was
performed by stable isotope dilution using the following mul-
tiple reaction monitoring transitions: (ds) PGE, 355—193 and
PGE, 351—189. Results are reported as pg of eicosanoid-uL™
CSF (mean *= SEM).

Primary astrocyte cultures from spinal cord

Purified cultures of adult rat spinal astrocytes were prepared
using a method described previously (Schwartz and Wilson,
1992) with some modifications. The spinal cords were ejected
from the vertebral column using a saline-filled syringe and
immediately placed in Dulbecco’s modified Eagle’s medium
(DMEM) (Gibco, Grand Island, NY, USA). The meningies were
removed and the cord cut into small pieces using a sterile
razorblade. The tissue was chemically dissociated by 0.5%
Trypsin-EDTA for 10 min followed by mechanical trituration
in DMEM. After being centrifuged at 450x g for 5 min, the
cells were suspended in DMEM containing 10% foetal bovine
serum (Gibco) and plated in a flask coated with poly-L-lysine
(Sigma). The cultures were maintained in a humidified atmo-
sphere of 95% air/5% CO, at 37°C for 10 days, with the media
being changed media on days 4 and 7. On days 10 and 11,
cells growing on top of the confluent astrocyte layer were
removed by shaking at 200 rpm for 2 h at 37°C and replacing
the media. On day 12 the cells were trypsinized and 40 000
cells replated in 6-well plates. These cultures were used for
studies when confluent, typically within 4-6 days. Prior to
stimulation experiments, cells were deprived of serum for
24 h in DMEM containing 0.1% foetal bovine serum. Drugs
were added to 2 mL of media in a total volume of 20 uL PBS.
Pentoxifylline (100 uM) was added 30 min prior to KDO,
(1 ug-mL™") and the media was transferred to Eppendorf tubes
24 h later and either immediately frozen on dry-ice and stored
at —70°C until assayed for TNF by ELISA according to the
manufacturer’s instructions (R & D Systems, Minneapolis,
MN, USA) or extracted for LC-MS/MS analysis. The amount of
protein in each well was determined after the cells had been
lysed and the TNF and PGE, concentration were normalized
to amount of protein in respective well.

In order to determine the purity of the cell cultures, cells
cultured on chamber glass slides (Lab-TekIl Chamber slides,
Nalge Nunc Int. Naperville, IL, USA) were fixed in 4% form-
aldehyde in 0.01 M phosphate buffered saline (PBS), pH 7.4,
for 15 min, made permeable in PBS buffer with 0.1% Triton
X-100 for 5 min, blocked for 1 h in PBS buffer with 5% goat



serum, incubated for 1 h with antibodies against GFAP (Invit-
rogen, 1:1000), S100B (Abcam, 1:1000, nestin (Millipore,
1:200), 3G10 (Seikagaku Corporation, 1:100), Iba-1 (Wako
Chemicals, 1:1000) and NeuN (Millipore, 1:1000) in PBS
buffer with 5% goat serum, and incubated with Alexa Fluor-
conjugated secondary antibodies (1:300) in PBS buffer with
5% goat serum. After being washed with PBS, the chambers
were removed and the glass slides covered with coverlids
using ProLong Gold antifade mounting media containing the
nuclear stain DAPI (Invitrogen). The number of nuclei and
number of GFAP, S100B, nestin, 3G10, Iba-1 and NeuN-
positive cells were counted and the purity of the culture
expressed as the percentage of cells immunopositive for
respective marker compared with total number of cells.

Quantitative real-time PCR

After the astrocyte cell cultures had been subjected to 24 h of
serum deprivation, mRNA was extracted from them using
Trizol (Invitrogen) according to the manufacturer’s protocol.
Complementary DNA was prepared and quantitative real-
time PCR performed with TagMan Gene Expression Assays
(both according to the manufacturer’s instructions, Applied
Biosystems, Foster City, CA, USA) to determine relative mRNA
levels, using the GeneAmp 7500 Fast Sequence Detection
system (Applied Biosystems). Pre-developed specific primers
were used to detect GFAP (Assay ID Rn00566603), glutamate
transporter-1 (GLT-1) (Assay ID Rn00568080), S1008 (Assay ID
Rn00566139), glutamine synthetase (Assay ID Rn00567121)
and HPRT1 (Assay ID Rn01527838) (Applied Biosystems).

A

144

B

_g 124

»

£ 104

£ —0— Vehicle

@ —&—LPS 1ug

g 8 —O— LPS 3ug

ﬁ —e— LPS 10ug
6 —V— LPS 30ug

T T T T T
0 30 60 90 120
Time (min)

C

B 14

=2

2 12

(]

e

£ 10

o —O— Vehicle

g s —&— KDO, 0.1ug

ﬂ —m— KDO; 1ug
6 —¥— KDO, 10ug

0 30 60 90 120
Time (min)

Figure 1

Gila and TLR4-mediated nociception

0 Saito et a 1757

Sample threshold cycle (Ct) values in standard curve samples
containing GFAP, GLT-1, S1000B, glutamine synthetase and
HPRT1 mRNA were used to calculate the cDNA concentration
equivalents in the test samples. The data were then normal-
ized to HPRT1 gene expression to obtain relative concentra-
tion and presented as relative gene expression.

Statistics

All the data are presented as mean * SEM. Differences were
assessed by one-way ANOVA followed by Bonferroni post-hoc
test for multiple groups, or Student’s t-test for two groups,
with a criterion of P < 0.05 for significance (Prism statistical
software, CA, USA).

Results

Intrathecal injection of LPS and KDO, induced tactile allodynia

In order to confirm previous work demonstrating that spinal
delivery of LPS induces allodynia (Meller et al., 1994; Reeve
et al., 2000; Kehl et al., 2004) 1-30 ug LPS was injected i.t and
tactile allodynia assessed by von Frey filaments. Administra-
tion of 10 ug of LPS gave rise to a pronounced allodynia 30
and 60 min after injection (Figure 1A). Calculation of AUC of
the allodynic index for the time period 0-120 min showed
that only the 10 pug dose of LPS caused a significant increase in
hypersensitivity, as compared with the vehicle group (LPS
10 ug: 372 = 88 vs. vehicle: 98 = 49, P < 0.05, n = 9)

Vehicle 1 3 10 30ug
ITLPS

Vehicle 0.1 1 10ug
IT KDO,

Intrathecal injection of LPS and KDO, induced tactile allodynia. Graphs display dose-response curves for induction of allodynia by

i.t. injection of (A) LPS (1-30 pg) and (C) KDO; (0.1-10 ug). The histograms represent the allodynic index calculated as area under curve (AUC)
for 0-120 min for the different i.t. doses of (B) LPS and (D) KDO; indicating that 10 ug LPS and 1 pg KDO; induce significant hypersensitivity.
The data are presented as mean = SEM of 5-6 rats per group. *P < 0.05 for LPS and KDO, versus vehicle (PBS). KDO,, KDO,-Lipid A; LPS,

lipopolysaccharide.
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(Figure 1B). Intrathecal injection of a higher dose of LPS,
30 ug, was not associated with tactile allodynia (LPS 30 ug:
150 + 64 vs. vehicle: 98 + 49, P > 0.05, n = 5) (Figure 1B). Of
importance, the rats receiving 30 pg of LPS appeared to be sick
(piloerection, vocalization upon touch and reduced activity).
Based on the bell-shaped dose-response relationship for i.t.
LPS, all follow-up studies were conducted using 10 ug LPS.

For comparison, KDO, was injected i.t. at doses ranging
from 0.1 to 10 pg. Intrathecal administration of 1 ug KDO,
gave rise to tactile allodynia 30 and 60 min after injection
(Figure 1C), with a pattern similar to that observed with i.t.
LPS. Although not as pronounced as in the LPS group, the
animals appeared to be sick after i.t. injection of KDO,.
Intrathecal injection of 1 ug KDO, induced allodynia, as com-
pared with vehicle control group (KDO, 1ug 359 =+ 71 vs.
vehicle 11 = 11, P < 0.01, n = 5-6) (Figure 1D), while a higher
dose KDO, (10 pg) did not (P > 0.05) (Figure 1D). These data
are in accordance with the observations for i.t. LPS, i.e. the
dose-response curves for allodynia induced by i.t. LPS and i.t.
KDO; are both bell-shaped. Based on these results, 1 pg KDO,
was given i.t. in the follow-up experiments.

Activation of spinal TLR4 receptors induces spinal release of
PGE,, which was attenuated by i.t. injection of pentoxifylline,
ketorolac and i.p. injection of ibuprofen, but not by i.t. injection
of minocycline

Based on previous work showing that microglia and astrocyte
release PGE, in response to LPS stimulation (Fontana et al.,
1982; Slepko et al., 1997), we injected LPS i.t. to determine
whether it induces the release of PGE, in vivo. Release of PGE,
was assessed in CSF collected by spinal dialysis and by lumbar
puncture. The PGE, concentration was measured by ELISA in
the dialysate and by LC/MS in the CSF, withdrawn by inser-
tion of a microcapillary tube into the i.t. space.
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In the dialysis study, a 30 min washout preceded collection
of two 30-min baseline samples. The basal PGE, level in the
i.t. fluid was 176 = 20 fmol-100 uL™' perfusate (n = 17)
(Figure 2A). Intrathecal injection of LPS (1 pg, n = 5), pro-
duced a profound increase in PGE, concentration (approxi-
mately 14-fold higher over baseline at 120 min) in the
dialysate (Figure 2A). In order to assess the role of glia in this
process, two ‘glia inhibitors’ pentoxifylline and minocycline
were injected i.t. prior to i.t. LPS. Minocycline is thought to
act specifically on microglia, while pentoxifylline exerts its
action both on microglia and astrocytes; however, the exact
mechanism of these two drugs has not yet been defined.
LPS-evoked PGE, release was partially blocked by i.t. injection
of pentoxifylline (120 pg), while i.t. injection of minocycline
(120 ng) did not alter the effect of i.t. LPS (Figure 2A). Com-
parison between groups showed that LPS-evoked release of
PGE, was significantly lower in the group that received
i.t. pentoxifylline prior to LPS (61 = 13 vs. 118 =
19 fmol-100 uL"-min™!, P < 0.05, n = 6) (Figure 2B). In addi-
tion, LPS-evoked PGE, release was significantly attenuated by
i.p. pretreatment (30 mg-kg"') with the non-selective COX
inhibitor ibuprofen (vehicle + LPS, 89 + 27; ibuprofen + LPS,
32 + 19 fmol-100 uL'min™!, P < 0.05, n = 5) (Figure 2C
and D).

Next, we extracted CSF by lumbar puncture in order to
assay PGE, and TNF levels in CSF by LC/MS and ELISA respec-
tively. CSF was collected 2 h after i.t. injection of 1 ug KDO,
and 1-10 pg of LPS. Intrathecal injection of both KDO, and
LPS induced a significant increase in PGE, concentration as
compared with i.t. injection of PBS (KDO, 1 pg: 44.8 + 13 vs.
0.8 = 0.3 pg-uL™, P<0.05, n=6; LPS 1 pug: 50.4 + 12.2 vs. 0.8
+ 0.2 pg-ul™, P < 0.05, n = 11) (Figure 3A). There was no
difference between the effects of the two doses of LPS (10 ug:
53.0 + 10.2; 1 pg: 50.4 = 12.2 pg-ulL™?’, P > 0.05, n = 4-11)
(Figure 3B). Intrathecal injection of pentoxifylline (120 ug)
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Figure 2 LPS-evoked spinal PGE; release was blocked by i.t. injection of pentoxifylline and ibuprofen but not minocycline. (A) PGE, measured
by ELISA in cerebrospinal fluid collected by spinal dialysis in 30 min fractions after i.t. injection of LPS with our without pretreatment (15 min)
with minocycline (Mino), pentoxifylline (PTX) or (C) ibuprofen (IBU). (B, D) PGE; release presented as area under curve (AUC) calculated for
the baseline (60 min prior to LPS injection) and 0-150 min after i.t. injection of LPS. The results represent the mean = SEM (n = 5-6 rats per

group). *P < 0.05. LPS, lipopolysaccharide; PGE,, prostaglandin E,.
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PGE2 (pg * uI™)
PGE2 (pg * ul™")

PBS PBS. PTX Mino Keto Ibu PBS. PBS PBS PTX Mino
KDO, (1 ug) LPS LPS
(10 ug) (1ung)

Figure 3 Spinal PGE; release evoked by KDO, and LPS was blocked by i.t. injection of pentoxifylline, ketorolac and i.p. injection of ibuprofen
but not i.t. injection of minocycline. PGE, measured by LC/MS in cerebrospinal fluid collected by lumbar puncture 2 h after i.t. injection of (A)
KDO; and (B) LPS with our without pretreatment (15 min) with minocycline (Mino, i.t. 60 ug), pentoxifylline (PTX, i.t. 120 ug), ketorolac (Ket,
i.t. 50 ug) or ibuprofen (Ibu, i.p. 30 ug-kg™). Each column represents the mean = SEM (n=4-11 rats per group). P < 0.05 as compared with
i.t. injection of vehicle (PBS) and *P < 0.05 as compared with i.t. injection of KDO, or LPS alone. KDO,, KDO,-Lipid A; LPS, lipopolysaccharide;
PGE,, prostaglandin E,.
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Figure 4 Spinal TNF release evoked by KDO, and LPS was blocked by i.t. injection of pentoxifylline and minocycline. TNF was measured by
ELISA in cerebrospinal fluid collected by lumbar puncture 2 h after i.t. injection of (A) KDO, and (B) LPS with our without pretreatment (15 min,
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as compared with i.t. injection of KDO, or LPS. KDO,, KDO,-Lipid A; LPS, lipopolysaccharide; TNF, tumour necrosis factor.

(P <0.05, n=38) and ketorolac (50 ug) (P <0.05, n = 6) partially
blocked and i.p. injection of ibuprofen (30 mg-kg™, P < 0.05,
n = 5) completely blocked KDO,-induced PGE; release, while
i.t. minocycline (60 ug) had no effect (P > 0.05, n = 6)
(Figure 3A). In agreement with the results from the dialysis-
ELISA study, extracting CSF by lumbar puncture and assessing
PGE, by LC/MS showed that i.t. injection of minocycline had
no effect on i.t. LPS-induced PGE, release (P > 0.05, n = 9)
(Figure 3B). Intrathecal injection of pentoxifylline tended to
reduce LPS-induced PGE, release; however, statistical signifi-
cance was not reached (28.9 = 6.9 vs. 53.0 = 10.2 pg-uL™, P >
0.05, n = 8-10) (Figure 3B).

Intrathecal injection of LPS and KDO,-induced spinal release of
TNF, which was attenuated by i.t. injection of pentoxifylline

and minocycline

Tumour necrosis factor may be an important means of com-
munication between glia and neurones. Recent work has
shown that TNF receptors are expressed on spinal glia as well
as neurones. Moreover, there is evidence that i.t. injection of
LPS and peripheral inflammation stimulate the spinal produc-
tion of TNF (Bianchi et al., 2007; Shen et al., 2009). Here, we

assessed the concentration of TNF in CSF, by ELISA, 2 h after i.t.
injection of the TLR4 agonists, as well as the effect of i.t.
pretreatment with pentoxifylline and minocycline. CSF was
collected by lumbar puncture, as TNF is too large to diffuse
across the dialysis-membrane. Intrathecal injection of the
vehicle (PBS) did not cause a detectable release of TNF, but in
contrast, a pronounced TNF release was detected 2 h after i.t.
injection of 1 ug KDO, (53.3 = 9.6 pg-uL™", n = 9, Figure 4A)
and 10 ug of LPS (78.4 = 19.4 pg-uL™', n = 6, Figure 4B). Both
pentoxifylline and minocycline significantly attenuated the
spinal TNF release induced by i.t. KDO, (pentoxifylline
120 ug: 11.8 = 3.6 pg-uL?, n=7, P < 0.05; minocycline 60 ug:
16.8 = 6.9 pg-uL?, P<0.05, n=35) and i.t. LPS (pentoxifylline:
20.8 = 6.0 pg-ul!, P < 0.05, n = 6; minocycline: 21.6 *
4.9 pg-ul™, P < 0.05, n = 6), indicating that TNF was released
from microglia and possibly also from astrocytes.

Intrathecal treatment with pentoxifylline, minocycline and
etanercept attenuated the tactile allodynia induced by i.t. LPS
and i.t. KDO,

As LPS and KDO, act on TLR4 receptors expressed on micro-
glia and astrocytes, the anti-allodynic effect of minocycline
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Figure 5 The tactile allodynia induced by intrathecal injection of
LPS and KDO, was attenuated by i.t. injection of pentoxifylline,
minocycline and etanercept, but not by i.t. ketorolac or i.p. ibupro-
fen. The histograms represent the allodynic index calculated as area
under curve (AUC) for 0-120 min for (A) minocycline (Mino), pen-
toxifylline (PTX), etanercept (ETA) and ketorolac (Keto) injected i.t
and (B) ibuprofen (IBU) injected i.p. 15 min prior to injection of LPS.
(C) Area under curve (AUC) calculated for the time frame 0-120 min
after i.t. injection of KDO, with or without pretreatment (15 min)
with minocycline, pentoxifylline and etanercept. The data are pre-
sented as mean * SEM of 5-12 rats per group. *P < 0.05, as com-
pared with i.t. injection of LPS and KDO, alone. KDO,, KDO,-Lipid A;
LPS, lipopolysaccharide.

and pentoxifylline was also assessed. Calculation of AUC over
the 0-120 min time period showed that i.t. injection of 30 pg,
but not 10 pg, minocycline (15 min pretreatment) attenuated
tactile allodynia induced by 10 ug i.t. LPS, as compared with
vehicle injected rats (75 + 20 vs. 329 + 43, P <0.01, n = 5-6)
(Figure 5A). Pentoxifylline, 60-120 ug i.t. (15 min pretreat-
ment), also attenuated i.t. LPS-induced tactile allodynia as
compared with the vehicle control group (60 pg: 98 + 20, P <
0.05; 120 pg: 47 = 33 P < 0.01 vs. vehicle: 329 + 43, n = 5-6)
(Figure 5A).

It has been demonstrated in glia cell cultures that both
microglia and astrocytes release TNF in response to LPS stimu-
lation (Sawada et al., 1989). As we observed that i.t. LPS
evoked spinal release of TNF, we examined if blocking the
action of TNF attenuates i.t. LPS-induced hypersensitivity. For
this purpose, we used the soluble TNF decoy receptor etaner-
cept, which binds TNF and prevents it from acting on TNF-
receptors. Etanercept (10-100 pug) was administered i.t. 1 h
prior to injection of LPS and both doses had an anti-allodynic
effect as compared with injection of vehicle (10 pug: 95 + 39,
P>0.05; 100 ug: 36 = 23 P <0.01 vs. vehicle: 329 + 43, n=13)
(Figure 5A). The effect of the higher doses of minocycline,
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pentoxifylline and etanercept on tactile allodynia induced by
i.t. KDO, generated similar results. All three drugs blocked i.t.
KDO,-induced hypersensitivity, as compared with vehicle
injected animals (minocycline: 245 + 78, P < 0.05; pentoxi-
fylline: 26 = 71, P < 0.01, etanercept: 118 = 40, P < 0.01 vs.
vehicle: 536 * 93, n = 5-12) (Figure 5C).

COX-inhibition through i.t. administration of ketorolac and i.p.
injection of ibuprofen did not block i.t. LPS-induced allodynia

In order to assess the role of prostaglandins in LPS-induced
allodynia, the COX-1/2 inhibitors ketorolac and ibuprofen
were utilized. Ketorolac was administered i.t. (50 pg) and ibu-
profen i.p. (30 mg-kg") 15 min prior to injection of LPS.
Although the two agents at the given doses blocked the spinal
PGE, release evoked by LPS and KDO,, neither of them sig-
nificantly affected LPS-induced hypersensitivity (P > 0.05, n =
5, Figure SA and B).

KDO:; stimulation induced PGE, and TNF release from primary
astrocyte cultures, which was partly blocked in the presence

of pentoxifylline

In order to examine whether spinal astrocytes have the capac-
ity to release TNF and PGE2, and if pentoxifylline attenuates
such release, we used primary cell cultures of astrocytes from
adult rat spinal cords. After 24 h of serum deprivation, the
astrocytes were subjected to KDO, (1 ug-mL™) for 24 h and
the media collected for TNF analysis with ELISA and PGE,
analysis by LC/MS. KDO, stimulated the release of both TNF
(Figure 6A) and PGE, (Figure 6B) from the primary cell cul-
tures as compared with PBS controls (TNE 6.2 = 0.6 vs. 0.7 =
0.2ng-mL™", P < 0.05, n = 6; PGE,, 1.4 = 0.3 vs. 0.1 *
0.03 ng-mL™, P < 0.05, n = 6). When pentoxifylline (100 uM)
was added to the cultures 30 min prior to KDO, stimulation,
a partial, but statistically significant, reduction of TNF and
PGE, release was observed (TNF 4.0 + 0.4 vs. 6.2 =+
0.6 ng-mL”, P < 0.05; n = 6; PGE;, 0.6 = 0.06 vs. 1.4
+0.3ng'mL", P < 0.05, n = 6) (Figure 6A and B). We have
previously shown that our protocol generates cell cultures
that stain positive for the astrocye-associated proteins GFAP,
S100B, nestin, vimentin and heparan sulphate proteoglycan
(Codeluppi et al., 2009). In order to determine the purity of
the cultures used in the current work the cells were stained
with markers for astrocytes (GFAP, S1008, heparan sulphate
proteoglycans (3G10), nestin), microglia (Iba-1) and neurones
(NeuN). The cultures consisted of 97% GFAP, 97% S100p, 96%
3G10, 87% nestin, 3% Iba-1 and 0% NeuN-positive cells
(Figure 6C-E). We also assessed gene expression and found
that GFAP, GLT-1, S1008 and glutamine synthetase, common
astrocyte-associated genes, were all readily detectable in the
control cell cultures and increased in cells stimulated with
KDO2 (1 ug-mL™) for 24 h (Figure 6G).

Discussion
Our results show that activation of spinal TLR4 by i.t. injec-

tion of LPS, and the LPS analogue KDO,, induces tactile allo-
dynia. This allodynia was attenuated by i.t. injection of the
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Figure 6 KDO.-induced TNF and PGE, release from primary astrocyte cultures was partly prevented by pentoxifylline. (A) TNF and (B) PGE,
were measured by ELISA in media collected from spinal primary astrocyte cultures after 24 h stimulation with KDO, with our without
pretreatment (30 min) with pentoxifylline (PTX, 100 mM). PGE, and TNF concentrations were normalized to amount of protein (mg) in
corresponding well. Each column represents the mean = SEM (n = 6 different astrocyte cultures per group). *P < 0.05 as compared with vehicle
(PBS) control and *P < 0.05 as compared with KDO,-stimulated cultures. Representative images depicting GFAP (C), S1008 (D), 3G10 (E),
nestin (G) immunolabelling of the astrocytes. (G) Quantitative real-time PCR showing gene expression for GFAP, GLT-1, S1008 and glutamine
synthetase (Glut synt) in control cultures (PBS) and cultures stimulated with KDO2 (T pug-mL™) for 24 h. Each column represents the mean +
SEM (n = 3 different astrocyte cultures per group). KDO,, KDO,-Lipid A; PGE,, prostaglandin E; TNF, tumour necrosis factor.

glia inhibitors pentoxifylline and minocycline, and the TNF-
blocker etanercept, while inhibition of COX-1/2 using ketoro-
lac and ibuprofen had no effect. Intrathecal injection of LPS
and KDO, evoked spinal release of TNF and PGE, and pre-
treatment with pentoxifylline reduced TLR4-induced release
of both TNF and PGE,, while minocycline only blocked the
TNF release. Hence, these findings support the hypothesis
that spinal TLR4 is involved in pain signal processing. Acti-
vation of glia, and subsequent release of cytokines such as
TNF appear to be one of the underlying mechanisms for
TLR4-mediated nociception. The role of spinal PGE, in this
scenario is complex, and the results raise the possibility of a
separation between anti-inflammatory effects and anti-
nociceptive activity of COX inhibitors under our experimen-
tal conditions (see discussion below).

Over the past decade, a variety of mediators of glial activa-
tion and potential links between activated glia and enhanced

and/or prolonged neuronal excitability have been reported.
One such exciting group of factors are the Toll-like receptors
and in particular TLR4 (Tanga et al., 2005). TLR4 is a trans-
membrane receptor protein that has extracellular leucine-rich
repeated domains and an intracellular cytoplasmic signalling
domain. TLR4 is involved predominantly in innate immune
responses, but is also associated with triggering of the adap-
tive immune system. While LPS is well recognized for its
ability to bind TLR4 through interaction with CD14, it is also
likely that there are endogenous ligands for TLR4 receptors. In
this context heat-shock proteins, fibronectin, hyaluronan,
high mobility group box protein 1 (Gay and Gangloff, 2007;
Miyake, 2007) and saturated fatty acids (Lee et al., 2001) have
been proposed to act as TLR4 agonists. A role for endogenous
TLR4 ligands in pain transmission is supported by studies
showing that TLR4 knockout, spinal TLR4 knock-down and
administration of a TLR4 antagonist attenuate nerve injury-
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induced pain, in the absence of bacterial infection. A role of
TLR4 in other types of pain has not yet been reported.
However, like peripheral nerve injury (Raghavendra etal.,
2004), peripheral inflammation leads to an increase in spinal
gene expression of TLR4 and the TLR4 accessory protein
CD14 (Tanga et al., 2004), pointing to the possibility that
TLR4 may also participate in inflammation-induced
hypersensitivity.

In this study, two TLR4 agonists, LPS and KDO,, were used.
Both agonists showed a robust induction of tactile allodynia
after i.t. injection, and interestingly, both agonists displayed a
characteristic bell-shaped dose-response curve. At doses over
10 ug LPS and 1 pug KDO,, the allodynic effect was lost, and we
believe this is due to the general ‘sickness response’ com-
monly generated by endotoxins (Maier etal., 1993). Rats
receiving the highest doses of TLR4 agonists showed reduced
spontaneous activity (e.g. lethargy). These rats frequently
vocalized upon testing, suggesting discomfort, but did not
respond to stimulation by paw withdrawal. Similar biphasic
patterns, with hypersensitivity induced at lower doses and no
effect at higher doses, have been reported by others after
application of cytokines, for example following intracere-
broventricular injection of IL-18 or PGE, (Hori et al., 1998)
and after intranureal injection of TNF to the sciatic nerve
(Zelenka et al., 20035). Of note, in a recent report no allodynic
effect was observed after i.t. injection of 2 and 100 ug LPS
(Hutchinson et al., 2009b). This is in one way consistent with
our data, as we failed to detect tactile allodynia subsequent to
i.t. injection of 3 and 30 pg LPS, and only the 10 ug LPS dose
lead to an increased sensitivity to application of von Frey
filaments. In previous work, we have experienced variations
in the nociceptive response between different LPS batches,
and hence strictly used the same batch for any given related
series of experiments, and were forced to assess equi-
nociceptive dosing between batches. This is most likely due to
the heterogeneity associated with LPS. Accordingly, using the
more homogeneous KDO, for TLR4-associated studies may
have a significant advantage; indeed, macrophages from
TLR4-knockout mice show no inflammatory response with
KDO,, arguing for the specificity of KDO, for the TLR4 recep-
tor (Raetz et al., 2006).

Intrathecal injection of LPS and KDO, induced the release
of both PGE, and TNE. We assessed PGE, release in CSF col-
lected by both spinal dialysis and through lumbar puncture,
and found that the two methods gave similar results. The
dialysis approach has the advantage of giving a temporal
resolution, but the disadvantage of a relatively low recovery
(approximately 10%) and size cut-off of the dialysis mem-
brane. Hence this method is not suitable for the assessment of
TNE. We also analysed the levels of PGE, with two different
methods, ELISA and LC/MS, and established that both
methods are appropriate for PGE, measurement in small
volumes of CSE.

The role of glia in TLR4-evoked PGE, release was examined
by injecting two glia activation inhibitors, minocycline and
pentoxifylline, i.t. prior to injection of LPS or KDO,. Minocy-
cline has been shown to exert biological effects distinct from
its antimicrobial action (Klein and Cunha, 1995). It has
emerged as a potent inhibitor of microglial activation and
proliferation, without any known direct action on astrocytes
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or neurones (Amin et al., 1996; Tikka et al., 2001a; Tikka and
Koistinaho, 2001b). Pentoxifylline, like its analogue pro-
pentofylline, is a methylxanthine derivative that inhibits
phosphodiesterase activity and adenosine wuptake and
decreases the synthesis of pro-inflammatory cytokines. Pen-
toxifylline and propentofylline prevent the activation and
release of cytokines from spinal glia, both astrocytes and
microglia (Chao etal.,, 1992; Schubert et al., 1998; Tawfik
et al., 2008), and attenuate mechanical allodynia induced by
nerve injury (Sweitzer et al.,, 2001; Liu et al., 2007; Tawfik
et al., 2008). Interestingly, while both minocycline and pen-
toxifylline blocked TNF release, only pentoxifylline had an
effect on the spinal release of PGE, evoked by LPS and KDOs,.
This could be due to minocycline and pentoxifylline interfer-
ing with different TLR4-mediated intracellular signalling
pathways or the result of pentoxifylline acting on both micro-
glia and astrocytes, given that PGE, was synthesized in
response to activation of astrocytic TLR4.

Inhibition of COX, either by i.t. injection of ketorolac or by
systemic (i.p.) injection of ibuprofen blocked TLR4-mediated
spinal PGE, release. While this is expected, it is noteworthy
that i.p. injection of ibuprofen blocked spinal release of PGE,
evoked by a spinal stimulus, i.e. i.t. injection of KDO,. This
indicates that constitutively expressed spinal COX is an
important source for central PGE, synthesis and that systemic
delivery of COX inhibitors influence spinal COX activity.

Intrathecal injection of pentoxifylline, minocycline and
etanercept attenuated the allodynia induced by LPS and
KDO,, suggesting that glial activation and TNF release are part
of the TLR4-mediated events that lead to spinal sensitization.
In contrast, the COX inhibitors, which both systemically and
spinally efficiently suppressed TLR4-mediated spinal PGE,
release, had no effect on TLR4-induced tactile allodynia.
Moreover, minocycline readily attenuated allodynia, while it
did not affect spinal release of PGE,. These observations
suggest that TLR4 activation-associated COX products do not
play a role in TLR4-mediated nociception. Rather, cytokines
such as TNF (present study) and interleukin 1B (Clark et al.,
2006), both released rapidly from glial cells following TLR4
activation, are the potential mediators for TLR4-triggered pain
signals. PGE, and related eicosanoids may participate in other
responses to TLR4 activation, e.g. illness symptoms, regula-
tion of blood circulation and cell migration (for review see
(Buczynski et al., 2009). Nevertheless, the present finding,
that the anti-inflammatory action of COX inhibitors could be
dissociated from their anti-nociceptive activity during TLR4
activation, indicates that blocking spinal COX activity may
not be effective in relieving the pain that is associated prima-
rily with pro-nociceptive cytokines.

In the central nervous system, TLR4 is expressed predomi-
nantly on microglia (Lehnardt et al., 2002); however, a low-
level constitutive expression of TLR4 in astrocytes has also
been reported in culture. The functional expression of these
receptor proteins in astrocytes is further supported by the
ability of TLR4 ligands to induce both mRNA expression and
protein secretion of pro-inflammatory cytokines from astro-
cytes (Bowman et al., 2003; Jack et al., 2005). Accordingly, we
found that primary cultures of adult rat spinal astrocytes
responded to stimulation with the TLR4 agonist KDO, by
releasing TNF and PGE,. Pentoxifylline prevented KDO2-



induced release of TNF and PGE, from these cells. However,
TNF release, in particular, was only modestly reduced in the
presence of pentoxifylline and this indicates that pentoxifyl-
line only interferes with activation of some of the several
intracellular signalling pathways leading to TNF release (NF-
kB, p38 mitogen activated protein kinase, etc.). It is also
possible that a higher concentration of pentoxifylline is
needed to completely attenuate TNF release. While it is clear
that microglia play an important role in the regulation of TNF
release evoked by i.t. injection of both LPS and KDO,, it is not
possible at this time to determine if astrocytes contributed to
the TNF release observed in our in vivo studies.

In summary, these in vivo and ex vivo data affirm that TLR4
plays an important role in pain processing and that glia activ-
ity is critical in TLR4-induced hypersensitivity and TNF
release. With more TLR4 antagonists becoming available, the
role of TLR4 in pain processing can be explored in further
detail and such studies will most certainly reveal new avenues
for interfering with glia activity in order to provide pain relief.
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